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LABORATORY TESTING OF A FLUIDIZED-BED DRY-SCRUBBING
PROCESS FOR THE REMOVAL OF ACIDIC GASES FROM
A SIMULATED INCINERATOR FLUE GAS

W. M. Bradshaw
R. P. Krishnan
J. M. Young

ABSTRACT

A series of bench-scale tests was conducted to evaluate a
dry, fluidized-bed, scrubbing process for removing acidic
gases from incinerator flue gas. The acidir gases studied
were sulfur dioxide, hydrogen chloride, and phosphorus pen-
toxide. These gases were found to react readily with lime in
a bubbling bed operating at 540°C (1000°F). Superficial gas
velocity, bed temperature, bed depth, sorbent type, and sor-
bent utilization strongly affected the degree of acidic gas
removal. Sorbent utilization was inhibited by reaction pro-
duct occlusion of the particle surface.

1. TINTRODUCTION

The Oak Ridge National Laboratory (ORNL) has been investigating dry
fluidized-bed scrubbing of acidic compounds from incinerator flue gas
under fthe sponsorship of the U.S. Army Toxic and Hazardous Materials
Agency (USATHAMA). The U.S. Army is pursuing incineration as a means of
disposing ot contaminated sludges, soils, and liquids. These wastes
frequently contain chemical compounds that produce acids when inciner-
ated; in most cases, the acidic compounds must be removed from the flue
gas to meet environmental standards. These acidic gases include sulfur
dioxide (S0,), phosphorus pentoxide (P,0.), hydrogen chloride (HCl), and
nitrogen oxides (NO,).

This report documents experimental work done in FY 1988 at ORNL on
a bench-scale, dry-scrubbing process to remove acidic gases from a sim-
ulated incinerator flue gas, using a fluidized bed of lime {primarily
calcium hydroxide [Ca(OH),]} operating in the bubbling-bed regime at 427
to 540°C (800 to 1000°F). The experimental program was a 2-year, two-
phase effort. Phase I (FY 1987) focused on determining the feasibility
of dry scrubbing P,0, and SO, in a fluidized bed.' Phase II of the pro-
gram, covered in this report, focused on (1) dry scrubbing HCl at the
same process conditions as P,0, and SO,, (2) scrubber performance with a
mixture of acidic gases representative of a typical incinerator flue
gas, and (3) sorbent utilization. The results of the experimental work
were used to determine the economics of fluidized-bed scrubbing relative
to other flue gas treatment technologies.




2, EXPERIMENTAL PROGRAM

Dry scrubbing has several advantages that make it an attractive
alternative to wet scrubbing.1 The experimental program described in
this report is part of an effort by USATHAMA to develop and test a flue
gas dry-scrubbing system that can be used as a replacement for wet
scrubbers for Army incinerators.,

The first phase of the experimental program investigated the basic
feasibility of dry scrubbing, using two acid gases (P,0, and SO,) tre-
quently found in Army waste incinerator f{lue gas. The second phase,
summarized in this report, produced additional data needed to design a
pilot-scale dry-scrubbing system. The data were also used to determine
the economics of such a system for a large incinerator.

2.1 Scope

The FY 1988 (Phase 11) portion of the experimental program focused
on (1) dry scrubbing HCl trom a nitrogen (N,) carrier gas stream in a
bed of lime, (2) dry scrubbing a mixture of P,0;, HCl, and SO, from a
simulated incinerator flue gas, and (3) determining the ultimate utili-
zation of the sorbent. Lime was chosen as the baseline sorbent for rea-
sons cited in the report covering the Phase I activities.' The lime
used for the majority of the tests was 87%Z Ca(OH), and 13% calcium car-
bonate (CaCO,).

2.2 Test Conditions

Phase I1 consisted of 11 tests. The first three veritfied that HCl
could be removed from a carrier gas stream at conditions favorable for
the removal ot P,0, and SO,. Next, the validity of using lime as the
sorbent of choice was demonstrated with one short~term test using a mix-
ture of all three acidic gases along with carbon dioxide (CO,), oxygen
{(0,), and N-, and a bed of limestone (calcium carbonate) as the sorbent.

Two additional tests provided baseline pertormance data using lime
as the sorbent by scrubbing HCl and SO, from a gas stream of CO,;, O,
and N,. Four subsequent tests using lime with a mixture of all the
gases (acidic and nonacidic) were carried out at different temperatures,
flow rates, and static bed depths. Finally, one long-term test (>100 h)
was run with all gases to determine the removal efficiency as a function
of sorbent conversion.

The test conditions for the short-term experiments were based on
the tindings of the work done in Phase I. The conditions for the long-
term test were based on the results of the Phase II short-term tLests.
The parameters studied included bed temperature, gas velocity, and bed
depth. The range of interest is shown in Table 2.1. Test conditions
for the individual runs are in Appendix D.




Table 2.1. Test conditions

Parameter Range tested

Bed temperature

o . o e

HCL tests 540°C (1000°F)
Acidic gas mixtures 427-540°F (800-1000°F)
Inlet concentration
HC1 tests <138-2510 ppm
Acidic gas mixtures
P_}Ob <1.0_170 ppm
HC1 200-6900 ppm
' SO . <18-11900 ppm

Gas velocity

HCl tests 6.8 cm/s
Acidic gas mixtures 2.6-5.7 cm/s
Static bed depth
HCl tests 20 cm (8 in.)
Acidic gas mixtures 2.5-10 cm (1-4 in.)
Sorbent particle size (all tests) 212-425 um




3. EXPERIMENTAL EQUIPMENT AND PROCEDURES

All of the bench-scale tests were conducted in the scrubber system
shown in Fig. 3.1.

3.1 System Description

A schematic diagram of the dry scrubber is shown in Fig. 3.2. The
system was the same as that used in the Phase I experimental work with a
few modifications.

3.1.1 Fluidized-Bed Scrubber

The tluidized bed was contained in a 2-in., Schedule 40, 316L
stainless steel pipe 46 cm (18 in.) long. A 4-in., Schedule 40, 304L
stainless steel pipe 76 cm (30 in.) long was provided immediately above
the 2-in. section to reduce solids entrainment.

Three changes were made to the scrubber section. Pressure taps
were installed to allow direct measurement of the pressure drop across
both the bed and the distributor plate. A seamless, porous metal tube
(20 um) was incorporated into the scrubber outlet line to act as a fil-
ter for any particles carried over from the bed. Finally, the inner
wall of the scrubber was plated with nickel to inhibit corrosion that
could bias the component material balances.

3.1.2 GCas Streams

Solid P_.0, was sublimed 1into a nitrogen stream, and the gaseous
mixture entered the scrubber via a porous metal (316L stainless steel)
tuyere plate designed to enhance gas distribution and support the lime.
Both S0, and HC! were introduced through a port immediately below the
tuyere plate. Another line carried a mixture of N,, CO,, and O, to the
same port.

The HCl, O,, and CO, gas streams were new to the system. All gases
(with rhe exception of P,0,) were controlled with in-line rotameters.
The amount ot P_O, ted into the scrubber was a function of the sublima-
tion chamber temperature and the N, flow rate through the chamber.

3.2 Operating Procedures

The operating procedures for this phase of the dry-scrubbing exper-
imental work were similar to Lhose of Phase I.' A detailed description
of the procedures and equipment is given in Appendix E. With the excep-
tion of run 11, which was a long-tern test (112 h), the duration of all
the tests was between 1 and 16 h.

_up




Fig. 3.1. Bench-scale, dry-scrubbing system.
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Schematic diagram of experimental dry scrubber.

3.2.1 Sampling and data collection

The inlet and effluent gas streams were bubbled into gas-washing

bottles containing either distilled water or
The sample train was tailored to the specific
phorus pentoxide and HCl are both soluble in
washing bottle filled with distilled water was

sodium hydroxide (NaOH).
gas being sampled. Phos-
water, so a single gas-
used to trap these gases

when they were tested i1ndividually. Scrubbing all three acid gases in
the same test necessitated using a 1-¥ NaOH solution in the gas-washing
bottles because of the limited solubility of SO, in water.

The sample bottles were changed at regular intervals to provide
time-weighted averages of inlet and outlet concentrations. The inlet
gas was sampled before and after each run, and samples of the inlet and
outlet gas streams were obtained periodically throughout each run.




3.3 Sample Analysis

The 1liquid samples were analyzed for total phosphorus with a
colorimetric procedure (based on Beer's law) at 470 uym. Total sulfate
and chloride were determined by ion chromatography (IC). Total chloride
in the solids was also determined by IC. The carbonate, sulfate, and
water content of the sorbent were determined by X-ray powder diffractom-
etry.




4. DISCUSSION AND RESULTS

Phase 11 of the dry-scrubbing testing program focused on (1) deter-
mining if HCl could be removed from an N; carrier gas stream at the same
process conditions as P,0; and SO,, (2) ascertaining which parameters
affect the removal efficiency of a mixture of P,0;, HCl, and SO, from a
simulated incinerator flue gas, and (3) establishing the ultimate sor-
bent utilization through a long-term test.

4.1 Short-Term Tests

A summary of the results from the short-term (l-d) tests is given
in Table 4.1.

Table 4.1 Results of short-term dry scrubbing tests

Gas Concentration
Text . Temperature flow a Sorbent (ppm)
No. Acid (°c) rate u/upg (g)
(cm/s) Inlet  Outlet
1 HC1 540 6.8 2.6 400 Lime 230 <36
2 HC1 540 6.8 2.6 400 Lime 1800 <100
3 HC1 540 6.8 2.6 400 Dolomite 1900 <80
4 P,0, 540 6.9 2.6 50 Limestone 7.3 <0.4
HC1 2160 2140
S0, 1080 1060
5 HC1 540 6.9 2.6 50 Lime 680 68
S0, 670 190
6 HC1 540 6.9 2.6 100 Lime 680 12
S0, 700 <4
7 P,0, 540 6.9 2.6 50 Lime <1.8 <0.4
HC1 1400 100
S0, 900 380
8 P,0, 540 3.2 1.2 50 Lime 12 <0.3
HC1 1300 250
S0, 1000 220
9  P,0. 427 2.8 1.1 50 Lime <0.8  <0.2
HC1 930 850
S0, 980 770
10 P,0¢ 540 3.2 1.2 200 Lime 73 <0.2
HC1 1840 82
50, 654 <3

4superficial gas velocity/minimum fluidization velocity.




4.1.1 HCl removal

Three tests were conducted to determine if HCl could be removed
from a N, stream at conditions favorable for removing P,0, and SO,. The
first test showed a >B4%Z removal; the second and third tests showed >94%
and >96% removal, respectively, thus confirming that HCl can be removed
at the same conditions as P,0; and S0,. In each test, HCl was not
detected in the outlet stream so the actual removal was probably higher
than the minimum valves given above. (For tests 1-3, the HCl detection
limit was ~35 ppm.)

4.1.2 Removal of P,0;, SO,, and HCl from simulated flue gas

Seven tlests were run to establish the parameters that have the
greatest effect on acid removal from a mixture of gases.

4.1.2.1 Superficial gas velocity. Superficial gas velocity had a
pronounced ettect on the HCl and P,0; removal, but not on the SO,
removal. HCl and SO, removal data from tests 5, 7, and 8 are shown in
Fig. 4.1 as a function of gas velocity. Similar data for P,0; removal
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are also included in Fig. 4.1.' Both HCl and P,0; removal increased
with gas velocity, while the S0, removal decreased slightly with
velocity.

This phenomenon might be explained on the basis of the rate~
limiting step involved in the gas~sorbent reaction. Both HCl and P,0q
are significantly stronger acids than S0, sc it follows that the rate-
limiting step may be different. In general, mass transfer between the
bulk gas and any particular sorbent particle increases with an increase
in gas velocity. It is possible that the HCI and P,0; removal is
limited by external mass transfer, while SO, removal is limited by
internal mass transfer or reaction with the sorbent.

External mass transfer is also increased as sorbent particle size
decreases. Because particle attrition increases with gas velocity, this
could also contribute to the observed trend. (Data on the attrition
rate for the lime used in this test are given in Appendix B.)

4.1.2.2 Bed temperature. Bed temperature was found to also affect
the acid removal efficiency. The P,05; removal increased slightly with
temperature between 427 and 540°C (99.7% and 99.9%, respectively).'
Both HCl and SO, showed a much more distinct temperature dependence. At
427°C (test 9), SO, removal was 21%, and the HCl removal was 9%Z. At the
same gas velocity and 540°C (test 8), the HCl removal increased to 80%
and the SO, removal increased to 78%.

All of the processes involved in acidic gas removal — external mass
transfer, internal mass transfer, and chemical reaction — are tempera-
ture dependent. It is not certain that increasing the bed temperature
beyond 540°C will increase removal. For example, >90% SO, removal has
been reported at 75 to 165°C at very high humidity.? "Temperature win-
dows" have been reported for lime~SO, processes, and there is no reason
to doubt that "windows" exist for the lime-HCl reaction also.

The removal efficiency for HCl and SO, at 427°C in test 9 is very
low. Lurgi has reported HCl and SO, removal of 95% and 90%, respec-
tively5 in a circulating fluidized bed (CFB) of hydrated lime at about
200°c. Because the acid gas-lime reaction mechanism is a complex func-
tion of temperature, humidity, sorbent characteristics, and a host of
other parameters, the temperature dependence can not be reliably pre-
dicted at this point,

4.1.2,3 Sorbent type. Lime, limestone, and pulverized dolomitic
guicklime (57% CaO, 40% Mg0) were tested for their effectiveness in
removing acid gases. As expected, uncalcined limestone was a very poor
sorbent in the chosen temperature range. In test 4, only 1% of the HC}
and 3% of the SO, reacted with the limestone. These percentages are
within the experimental error; thus, no removal could be claimed for HCl
or S0,. Test 3 was conducted with HCl in N, using dolomitic quicklime
at 540°C and a gas velocity of 6.8 cm/s (u/u ¢y = 2.6). The removal
efficiency exceeded 96%, which is comparable to results obtained with
calcined lime at the same conditions. Lime was selected as the sorbent
for the remaining tests.
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4.1.2.4 Residence time. In general, higher acid gas removal was
observed as the gas residence time increased. For example, in test 8
(2.5-cm static bed depth at minimum fluidization and 540°C) HCl removal
averaged 80%. Increasing the static bed depth to 10-cm at the same tem-
perature and gas flow rate resulted in an average HCl removal of 96%
(test 10). Similar results were obtained for P,0; and SO,. Bed expan-
sion at room temperature was observed to be =10% at minimum fluidization
for the sorbent; similar expansion would be expected at higher tempera-
tures.

4.1.2.5 1Inlet gas concentration. The acid gas removal efficiency
was independent of 1inlet gas concentration at the conditions studied.
Similar results have been reported for the lime-SO, reaction in an
entrained bed.? However, for a given set of conditions, the removal
efficiency was higher for a single acidic gas in an inert carrier gas
than when other acidic gases were also present.

As shown 1in Fig. 4.2, HCl removal in test 11 was consistently
higher when S0, was not present. A comparison of tests 5 and 7 shows
that SO0, removal decreases when the inlet HCl concentration 1is
increased. The relationship between removal and presence of other
acidic gases probably results from competition for reaction sites on the
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surface of sorbent particles. This phenomena is addressed in more
detail in Sect. 4.2.4.

4.2 Long-Term Test

One long-term test (112 h) was conducted to determine the relation-
ship between sorbent conversion and gas removal.

4.2.1 Sorbent conversion

The long-term test included all three acidic gases plus N,, 0,, and
CO,, in ratios representative of an incinerator flue gas. The sorbent
conversion at the conclusion of the test was 71% (based on solids analy-
sis). Acidic gas removal was strongly dependent on sorbent conver-
sion. The relationship between removal efficiency and sorbent conver-
sion (using the gas data) is shown in Fig. 4.2,

4.2.2 Attrition and elutriation

During the 112 h of testing, 32% of the lime escaped from the bed
(based on a calcium balance). The particles collected in the outlet
filter were very fine, with >99% passing a 44-um sieve. For the most
part, the loss resulted from elutriation of fines from the bed. A 24-h
blank run was conducted with an unreacted lime test bed using N, to
fluidize the bed at the same flow rate and temperature as the long-term
test. About 15% elutriation was observed for the unreacted lime.

4.2.3 Sorbent/gas material balance

The major products formed from the reaction of the lime and the
acidic gases are calcium chloride (CaCl,), calcium sulfate (CaSO,) and
calcium phosphate (Ca3;(P0,),]), which are all solids. At the conclusion
of the long-term test, the sorbent contained slightly more CaCl, and
CaS0, than predicted. A material balance using the gas data inaicated
that 36.8 g of chloride and 30.3 g sulfate should have been captured by
the sorbent. A similiar balance based on solids data showed that the
sorbent actually contained 39.4 g chloride and 36.0 g sulfate at the end
of the test. These differences fall within the *10% accuracy associated
with the procedures used to determine the amount of Cl~ and SO,~? in
liquid and solid samples.

4.2.4 Particle surface occlusion

As sorbent conversion increased, the pores on the particle surface
became increasingly occluded with reaction product. This 1s clearly
shown in scanning electron micrographs of particles from the long-term
test. Figure 4.3 shows a typical lime particle (at 750X) betore react-
ing with the sorbent. Figure 4.4 shows a spent particie from Lhe long-
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term test. The micrographs strongly suggest that, as the reaction pro-
ceeded, spent particles became coated on the surface and turther reac-
tion was impeded. The BET surface area for the raw and spent lime was
3.93 m2/g and 1.87 m?/g, respectively.

Surface occlusion is typically the Achilles' heel of dry-scrubbing
processes that use lime or limestone. Pore plugging 1is 1inevitable
because the volume per mole of calcium for Ca0, Ca;(PO,),, CaCl,, and
CaS0, is 17, 33, 52, and 63 cm3, respectively. The high molar volume of
CaS0O, makes SO; a particularly difficult gas to remove. Electron micro-
probe analysis of sorbent particles showed that many particles were
almost completely coated with CaS0,; it was virtually impossible to
detect any other compounds on the surface.

A scan of the particle surface of the spent sorbent from the long-
term test in Phase I, in which P,0; was the only acidic gas, showed no
tendency toward plugging. The scan showed <1% phosphorus (below detect-
able limits) although the bulk sorbent contained 1.8% phosphorus. It is
believed that the bulk of the Ca;(PO,), was formed within the pores of
the lime particles and did not expand to the outer surface.

The CaSO, coating clearly impedes HCl removal. During the course
of test 11, daily HCl-only removal data were taken to monitor break-
through. The HCl removal was lower, and HCl breakthrough was observed
earlier, for samples taken when HCl and SO, were scrubbed simultane-
ously. The data indicate that alternative SO, control strategies (e.g.,
operating an incinerator with low-sulfur fuel) will enhance HCl removal
and increase the fraction of sorbent that is effectively used.
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5. ECONOMIC COMPARISON OF SCRUBBING TECHNOLOGIES

Dry scrubbing is emerging as the method of choice for controlling
acidic gas emissions from hazardous waste incinerators. Incineration
facilities being built for Trade Waste Incineration, Inc. and Chemical
Waste Management, Inc. use spray drying for controlling acidic gases."
So, too, does a new mobile system being developed by International Waste
Energy Systems.4 In all three cases, dry scrubbing was chosen over the
more conventional wet scrubbing because of its lower life-cycle cost.

5.1 Cost Data for Flue Gas Desulfurization

In 1982, the Electric Power Research Institute (EPRI) evaluated 17
flue gas desulfurization processes for a hypothetical 1000-MW, coal-
fired steam plant.s'6 EPRI found the dry processes to be consistently
less expensive than the wet processes. However, the dry processes were
limited to low sulfur coal.

The scope of the EPRI report was limited to processes that were in
use or had been demonstrated in a large-scale facility (>100 MW). Cost
data for two conventional wet processes (limestone and wet lime) are
shown in Table 5.1.

Table 5.1. Costs tor flue gas desulfurization systems?

($ ~ 10%)

Conventional Wet Spray Nahcolite crpd

limestone? 1ime? dryer® injection® (lime)
Net capital cost 175.0 163.0 111.0 27.0 60.4
Fixed operating cost 10.5 9.6 7.0 1.7 4.5
Sorbent 7.1 14.7 2.0 15.3 1.9
Other operating costs 18.7 17.0 5.6 5.0 5.2
Total annual operating 36.3 41.3 14.6 22.0 11.6

cost

9Based on a hypothetical 1000-MW steam plant, December 1982 dollars.
bpata trom EPRI report CS-3342 for high-sultur coal plant.
“Data trom EPRI report CS-3342 for low-sulfur coal plant.

dEstimated based on similar equipment included in EPRI report CS-3342
for low-sulfur coal plant.

Dry systems have seen limited application at the plant scale.
Spray drying is used in the electric power industry as well as the three
hazardous waste incinerators cited above. Nahcolite (NaHCO3;) injection
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has been demonstrated on a 223-MW unit that burns low-sulfur western
coal. In the latter case, SO, 1s removed by contacting the tlue gas
with dry sodium-based sorbent in an entrained tluidized bed.’

Cost data tor the CFB, the fifth process shown in Table 5.1, have
been estimated trom cost data on several processes in the EPRI report.
Although a CFB system was not analyzed as part of the EPRI study, the
assumptions used are consistent with those of the other four processes.

5.2 Cost Estimates for Hazardous Waste Incineration
Scrubbing Systems

A large hazardous waste incinerator has a gross heating rate on the
order ot 44 MW (150 . 10% Bru/h). Scaling factors were applied Lo the
FPRI data to estimate scrubbing costs for an incinerator of this size.
The results are shown in Fig. 5.1. Cost data, intlation tactors, and
capacily scaling factors used to estimate the capital and fixed operat-
ing costs are included in Appendix C. The sorbent disposal cost 1s not
included 1n th:is analysis because 1L varies widely depending on waste
characteristics. In general, waste disposal will cost significantly
less for processes that produce dry wastes (i.e., spray dryer, nahcolite
injection, and CFB).
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Figure 5.1 shows that nahcolite injection is the least expensive
option tor the non-site-specific case. This process 1s not capable ot
removing P.O. because the sorbenL sinters well below the P,0. sublima-

tion temperature (400°C). Furthermore, Lhe residence time 1s limited
tor this process because ot the high gas velocity. Both residence time
and temperature were tound to be 1important in removing HCI. Thus,

nahcolite i1njection is not suitable for P,0¢ and may not work tor HCI,
but it has been included for comparison.

5.3 \Uncertainty of Cost Data

All ot the cost data are based on EPRI Report €S-3342.>%  EPRI
estimates that its data are * 30% (in absolute terms) but are internally
consistent to 3+ 157, Scaling tactors and capital cost indices (to

adjust tor intlation) add to the uncertainty. However, the data shown
in Fig. 5.1 indicate that in general, CFB scrubbing 1is clearly less
expensive Lhan conventional wel processes.
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6. SUMMARY AND CONCLUSIONS

Bench-scale rtests support the feasibility of dry, tluidized-bed
scrubbing of flue gas containing HCl, P,0¢, and SO,. The information
obtained in Phases 1 and II of the bench-scale studies provides a basis
for designing and testing a pilot-scale system.

Limestone is not an adequate sorbent for HCl and SO, at the temper-
ature range of interest (450 to 650°C). A calcined sorbent such as
hydrated lime or dolomitic lime is superior to limestone.

Maintaining accessible particle surface area is a key to maximizing
sorbent wutilization. Increased particle abrasion and attrition at
higher gas velocity is beneficial to removal etficiency, if the loss
caused by elutriation is controlled. A CFB would likely be a _:tter
candidate from this standpoint. High gas velocity and extensive par-
ticle attrition in the CFB would serve to minimize particle coating and
therefore increase the availability of the sorbent.

Non~site-specific cost estimates for several acidic gas control
technologies show that a CFB is less expensive than conventional scrub-
bing methods. The economic advantage probably increases when the waste
disposal cost is factored into the analysis. However, the technical and
cost uncertainty of CFB flue gas scrubbing is currently high due to lack
of operational data at the pilot and production scale.
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7. RECOMMENDATIONS

The teasibility of fluidized bed scrubbing has been demonstrated at
the bench scale. A CFB 1is predicted to be less expensive than conven-
tional wet scrubbing., The Army has a widespread need ftor hazardous
waste incineration, and hence flue gas scrubbing, to support ongoing
production activities and the installation restoration program. The cost

of flue pgas scrubbing will be a significant fraction ot the total
incineration cost.

The nextL step 1s pilot-scale testing, which should be pertformed
with an actual flue gas stream from an incinerator operating on the
order of 0.03 to 3 MW (0.1 to 10 ~ 106 Btu/h). The objectives of the
pilot tests should include determining the operaling characteristics ot
a CFB, confirming that bench-scale observations hold at the pilot-scale,
and evaluating sorbent materials and characteristics.
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Appendix A

CHARACTERIZATION OF BED MATERIAL

The majority of the Phase Il tests used lime as the sorbent. This
lime was 87% Ca(OH), and 13% CaCO3;, and it was supplied by the Tenn-
Luttrell Company in Luttrell, Tennessee.

The dolomitic quicklime used in Test No. 3 was nominally 57% CaO,
40%Z MgO, 3% other, and was supplied from National Lime & Stone Co. of
Findlay, Ohio. The granular limestone used in Test No. 4 was received
from the Calcium Carbonate Company of Quincy, Illinois.

All the sorbents were screened to delineate the size fractions.
The 212- to 425-um fraction was used in all the tests because 1t was
less prone to channeling than the finer material, had a larger specitic
surface area than the large-size ranges, and required a lower gas flow
rate for minimum fluidization than the large-size particles.'

Detailed data on the Tenn-Luttrell lime that was used in all of the
tests except 3 and 4 is included in Table A.1l.

Table A.l. Detailed description ot the Tenn-Luttrell [(ime
Compusition, (mass (raction) 87% Ca(OH) .
13% cacCo,

Size distribution of sorbent, as supplied wi%"

+1400 um [
1400 to 850 um 11.9
850 to 600 um 15.3
600 to 500 um 6.4
500 to 425 um 8.2
425 tov 300 um 1.2
300 Lo 250 um 4.4
250 to 212 um 5.2
212 to 180 um 3.5
180 to 150 um 5.2
150 to 90 um 10.8
90 to 45 wm 13.5
=45 um 3'2
Apparent laose density ot 212- to 425-um
traction, gl/cm*9 0.92
Apparent packed density ol 212~ to 425-um
fraction, g/cm*? 0.94
Particle density ot 212~ to 425 ym
traction, glem’
displaced volume ot varsol 2.94
displaced volume of diesel oil 3.15
Mean particle diameter tor 212- to 425~um
traction, ,.m
we'l phtl mean il
harmonic mean (Kuni and Levenspiel ') 300

Celdart classitication® Croup B

YProcedure described in ASTM Standard € 110-87.
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Appendix B

SORBENT ATTRITION TESTS

Two tests were run Lo determine the degree of sorbent attrition
caused by bed tluidization. In each test, 100 g of 212- to -425 um lime
was placed in the bed, the bed and all pertinent lines were heated to
540°C (1000°F), and the bed was fluidized with dry N, for ~20 h. At the
end of the test, the bed material was removed and weighed. IL was then
passed through the largest screen (425 um), and the amount remaining on
the screen was weighed and recorded. This process was repeated for all
the screens.

Table B.l1 shows how the particle size distribution changed as a
result of fluidization. In general, the larger particles suffered more
attrition than the smaller particles. The elutriation increased from 5%
at minimum fluidization to 19% at twice minimum ftluidization.

Table B.l. Particle size distribution of
solids remaining in bed after
fluidization for 20 h

Par%icle Before u/ug =1 u/um£=2

s, oy
>425 <0.5 <0.6
300-425 45.1 28.6 37.1
212-300 54.9 52.9 43.0
180-212 10.6 12.3
150-180 3.2 4,2
125-150 2.1 2.2
106-125 1.1 0.4
90-106 1.1 0.3

The traction of particles in the various size ranges 1is shown
graphically in Fig. B.l. AL the conditions studied, Lhe particle size
distribution tor lime remaining in the bed is independent of ftluidiza~
tion velocity four small particles (<180 um). The small particles prob-
ably accounted tor almost all ot the elutriated material. (This 1s
valid because “/“mt never exceeded 2.) The quantity of small particles
in this range was 13 g at minimum fluidization and 26 g at twice minimum
fluidization (13% and 26%, respectively). The production of fines
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doubled between minimum fluidization velocity and twice minimum fluidi-
zation velocity.

The particle size distribution for large particles is dependent on
gas velocity. In both tests, the fraction of larger (300 to 425 um)
particles decreased by ~1/3. There was a marked difference in the dis-
tribution of intermediate particles. At minimum fluidization, the frac-
tion of 212- to 300-um particles was essentially the same as the start-
ing material. At twice mipnimum fluidization, however, more of these
particles became fines.

The relationship between particle size and fluidization velocity 1is
important in evaluating the relationship between acid gas removal, sor-
bent conversion, and superficial gas velocity. A high attrition rate
(resulting in smaller particles) will increase acid gas removal at a
given conversion because smaller particles have a higher specific sur-
face area (ratio of surface area to mass). However, for a given bed
height, increasing gas velocity results in less gas residence time,
which is another parameter that is positively related to acid gas
removal.
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Optimum operating conditions are a function of the sorbent, the
acidic gas(es), and the type of fluidized bed. A circulating fluidized
bed (CFB) could be operated over a fairly wide range of conditions,
which would be necessary to select optimum conditions for maximizing
removal efficiency. Experimental data from a CFB are necessary to pin-
point optimum conditions.
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Appendix C

ASSUMPTIONS AND METHODS USED IN ECONOMIC ANALYSIS

The economic comparison of alternative scrubbing technologies in
Sect. 5 is based largely on a study done tor the Electric Power Research
Institute (EPRI) in 1982 that compared the cost of various flue-gas-
desulfurization technologies for a hypothetical 1000-MW coal-fired
boiler station.! Cost data provided in that study, coupled with similar
data in a follow-on study concerning dry injection flue gas desulfuriza-
tion, were analyzed using EPRI guidelines and standard engineering
economics methods to compare the cost of five flue gas treatment tech-
nologies.

C.1 Accuracy

The accuracy of data presented in the EPRI study is estimated by
the authors to be *30%. Because identical methodology was used to eval-
uate each technology, the EPRI authors estimate the relative accuracy
between processes to be *15%.

Incinerators are normally <10Z of the capacity (in terms of heat
load) of the boiler plant used for the EPRI study. Scaling capital and
fixed operating costs for a process that is an order of magnitude smal-
ler can result in significant error. Until a specific incinerator is
1dentified at a specific site, scaling factors are just one of many
sources of error that could skew the results. However, it is clear from
the analysis that fluidized-bed technology is economically competitive
and should be considered in a detailed site-specific economic analysis
when the need tor acidic gas control arises.

C.2 Assumptions

The assumptions used in the economic analysis and their sources are
included in Table C.1.

€C.3 Capital Cost

The capital costs for the limestone, wet lime, spray drying, and
nahcolite injection processes were taken directly from the EPRI
report.! The capital cost for the fluidized-bed process was based on
data provided tor similar unit operations in the EPRI report. A tlow
sheet was developed for the fluidized bed that paralleled the nahcolite
injection process. The cost of the tluidized bed per se was estimated
from cost data provided tor similar process equipment in the EPRI report
that is part of the NOXSO™ flue gas desulfurization process.

A scaling tactor was used Lo adjust tor plant capacitly. The
Marshall and Stevens index was used to adjust from 1982 to 1988 con-
strucrion costs.-‘
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Table C.l. Cost and process assumptions used in economic analysis

Element Value Source?
used
Economic factors
Interest rate 10% AMC-P 11-28 (Ref. 3)
Inflation rate 0z AMC-P 11-28
Economic life 10 years Peters and Timmerhaus"
Capital scaling factor 0.6 Peters and Timmerhaus
Labor scaling factor 0.2 Peters and Timmerhaus
Construction cost 1.14 Marshall & Stevens Index 1988/1982
index (Ref. 3)
Process conditions
Capacity 150 MW Medium to large incinerator
0, concentration 5.1Z Typical hazardous waste incinerator
(vol basis)
HCl concentration 1250 ppm Typical hazardous waste incinerator
(vol basis)
SO, concentration 310 ppm Typical hazardous waste incinerator
(vol basis)
Variable costs
Limestone $7.5/ton  Tenn-Luttrell FOB cost, Nov. 1988
(Ref. 5)
Lime $42/ton Chemical Marketing Reporter®
Soda ash $93/ton Chemical Marketing Reporter
Labor cost index 394/325 Chemical Engineering?
Power cost 7¢/kW~-h Typical power rate, 1988
No. 6 fuel oil 55¢/gal 1988 GSA price

4gee Sect. C.5 for a list of references.

C.4 Operating Cost

The sorbent requirement was adjusted for the quantity of acid that
will be scrubbed. The ratio of moles of alkaline per mole of acid was
assumed to be independent of throughput. The sorbent requirement for
the fluidized bed was based on data obtained in test 11,

The EPRI estimates for sorbent transportation costs were used
directly. It is impossible to evaluate transportation costs without
specifying a site. Note that the transportation cost can exceed the
sorbent cost, so this cost cannot be ignored in the site-specific case.

For a hazardous waste incinerator, sorbent disposal costs will be
significant. The variability in this cost 1s so great that it has not
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been included in the analysis., Disposal costs are probably louwer for the
dry products produced by spray drying, nahcolite injection, and
fluidized~bed scrubbing because solids are easier to handle than
sludge. This generalization is borne out in the EPRI data; disposal
costs for solids are consistently lower.! However, wastes from boiler
plant acid gas treatment are not normally hazardous wastes, as is the
case with a hazardous waste incinerator, so no reliable prediction can
be made for a non-site-specific hazardous waste incinerator based on
EPRI cost data.

A scaling factor of 0.2 was also used to estimate labor require-

ments." The hourly earnings index for chemical and allied products was
used to adjust from 1982 to 1988 labor costs.?

C.5 References

1., R. J. Keeth, M. J. Krajewski, and P. A, Ireland, Economic Evaluation
of FGD Systems, Electric Power Research Institute, EPR1 (CS-3342,
Vols, 1, 3, and 5, 1986.

2. "Marshall & Stevens Equipment Cost Index'" and the '"Chemical industry
Labor Index" Chemical Engineering, McGraw-Hill, Inc., New York.

3. Army Materiel Command Pamphlet 11~28 (AMC-P 11-28), U.S. Army
Materiel Command, Alexandria, Va, 22333, 1 July 1985.

4, M. S. Peters, and K. D. Timmerhaus, Plant Design and Economics for
Chemical Engineers, McGraw-Hill Book Company, New York, 2nd ed.,
1968.

5. Tenn-Luttrell Company, Luttrell, Tenn.

6. Chemical Marketing Reporter, October 28, 1988.
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Appendix D

EXPERIMENTAL DATA

The data obtained in each of the tests are presented in Table D.1.
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Table D.1 Experimen:al data

Test No. 1

Acid: HCI1

Bed temperature: 540°C

N, flow: 7.71 mol/h

Superficial gas velocity: 6.8 cm/s
Total sorbent: 400 g lime

Elapsed HC1

Sample time HCl flow concentration
No. Location (min) (107% mol/h) (ppm)

1-1 Inlet 15 4,140 537
1-2 Outlet 60 <284 <37
1-3 Inlet 15 1,205 156
1-4 Outlet 60 <296 <38
1-5 Inlet 15 2,090 271
1-6 Qutlet 60 <260 <34
1-7 Inlet 15 <1,111 <144
1-8 QOutlet 60 <282 <37
i-9 Inlet 15 <1,066 <138
1-10 Outlet 60 <276 <36
1-11 Inlet 15 <1,106 <143
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Table D.1 (continued)

Test No. 2

Acid: HC1

Bed temperature: 540°C

N, flow: 7.71 mol/h

Superficial gas velocity: 6.8 cm/s
Total sorbent: 400 g lime

Elapsed HC1
Sample time HCl flow concentration
No. Location (min) (1078 mol/h) (ppm)

2-1 Inlet 15 13,416 1,740
2-2 Outlet 60 <265 <34
2-3 Inlet 15 16,192 2,100
2-4 Outlet 60 2,833 368
2-5 Inlet 15 12,670 1,640
2-6 Outlet 60 278 <36
2-7 Inlet 15 17,061 2,210
2-8 Outlet 60 289 <38
2-9 Inlet 15 13,743 1,780
2-10 Outlet 60 274 <36
2-11 Inlet 15 11,627 1,500

Test No. 3

Acid: HC1

Bed temperature: 540°C

N, flow: 7.71 mol/h

Superficial gas velocity: 6.8 cm/s

Total sorbent: 400 g dolomitic quicklime

Elapsed HC1
Sample time HCl flow concentration
No. Location (min) (107 mol/h) (ppm)

3-1 Inlet 15 7,662 994
3-2 Qutlet 60 2,004 260
3-3 Inlet 15 11,821 1,530
3-4 Outlet 60 276 <36
3-5 Inlet 15 14,804 1,920
3-6 Outlet 60 291 <38
3-7 Inlet 15 18,620 2,420
3-8 Outlet 60 268 <35
3-9 Inlet 15 17,250 2,240
3-10 Outlet 60 286 <37
3-11 Inlet 15 19,351 2,510
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Table D.1 (continued)

Test No. 4

Acid: P,04, HC1l, SO,

Bed temperature: 540°C

N, flow: 6.46 mol/h

0, flow: 0.50 mol/h

CO, flow: 0.90 mol/h

Superficial gas velocity: 6.9 cm/s
Total Sorbent: 50 g limestone

P,0s  P,0 HCL HC1 S0, S0,
Elapsed flow concen- flow concen- flow concen-
Sample time (10 tration (10 tration (10°® tration
No. Location (min) mol/h) (ppm) mol/h) (ppm) mol/h)  (ppm)
4-1 Inlet 15 50 8.1 NAZ NA 6,700 1,000
4-1 Outlet 30 2.1 0.33 NA NA 6,200 960
4-2 Inlet 15 100 15.0 NA NA 6,300 1,000
4-2 Outlet 30 4.7 0.72 NA NA 6,100 940
4-3 Inlet 15 50 7.1 43,900 6,800 4,500 690
4-3 Outlet 30 1.1 c.17 11,000 1,700 4,000 620
4-4 Inlet 15 50 8.1 17,500 2,700 NA NA
4-4 Outlet 30 1.5 0.23 14,300 2,200 NA NA
4-5 Inlet 15 60 9.9 15,400 2,400 16,600 2,600
4-5 Outlet 30 3.2 0.49 15,000 2,300 10,100 1,600
4—6 Inlet 15 30 5.0 9,100 1,400 7,600 1,200
4-6 Outlet 30 6.0 0.93 7,600 1,200 5,400 840

4NA: Not available.

L _
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Table D.1 (continued)

Test No. 5

Acid: HCl, SO,

Bed temperature: 540°C

N, flow: 6.46 mol/h

0, flow: 0.50 mol/h

CO, flow: 0.90 mol/h

Superficial gas velocity: 6.9 cm/s
Total sorbent: 50 g lime

HCl HCl 50, S0,
Elapsed flow concen- flow concen-
Sample time (107 tration (107 tration
No. Location (min) mol/h) (ppm) mol/h) (ppm)
5-1 Inlet 30 3,800 590 4,300 670
5-1 Outlet 30 760 120 660 100
5-2 Inlet 30 6,100 950 7,000 1,100
5-2 Outlet 30 650 100 1,400 220
5-3 Inlet 30 6,100 940 5,300 810
5-3 Qutlet 30 460 71 1,400 210
5-4 Inlet 30 5,900 910 6,000 940
5-4 Outlet 30 380 59 1,600 250
5-5 Inlet 30 4,800 740 3,900 600
5-5 Outlet 30 420 65 2,400 370
Test No. 6
Acid: HCl, SO,
Bed temperature: 540°C
N, flow: 6.46 mol/h
0, flow: 0.50 mol/h
CO, flow: 0.90 mol/h
Superficial gas velocity: 6.9 cm/s
Total sorbent: 100 g lime
HCl HCL 0, S0,
Elapsed flow concen- tflow concen-
Sample time (1076 tration (107° tration
No. Location (min) mol/h) (ppm) mol/h) (ppm)
6-1 Inlet 30 5,300 820 5,500 850
6-1 Outlet 30 100 15 <30 <5.0
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Table D.1 (continued)

Test No. 7

ACid: P205, HCI, SOZ

Bed temperature: 540°C

N, flow: 6.46 mol/h

0, flow: 0.50 mol/h

CO, flow: 0.90 mol/h

Superficial gas velocity: 6.9 cm/s
Total sorbent: 50 g lime

A4NA: Not available.

P,0¢ P,0s HCl HCl S0, S0,
Elapsed flow concen- flow concen- flow concen- l

Sample time (10 tration (10° tration (10 tration

No. Location {(min) mol/h) (ppm) mol/h) (ppm) mol/h) (ppm)
7-1 Inlet 30 <5.0 <1.0 5,500 850 4,700 720 l
7-1 Outlet 30 <5.0 <1.0 290 44 2,300 350
7-2 Inlet 30 <5.0 <1.0 5,900 920 5,000 770 l
7-2 Qutlet 30 <5.0 <1.0 250 39 2,300 350
7-3 Inlet 30 <5.0 <1.0 3,900 600 2,800 440
7-3 Outlet 30 <5.0 <1.0 240 36 1,700 270
7-4 Inlet 15 <5.0 <1.0 6,800 1,000 4,000 620 .
1-4 Outlet 30 <5.0 <1.0 170 27 680 110
7-5 Inlet 15 <5.0 <1.0 17,800 2,800 10,100 1,600
7-5 Outlet 30 <5.0 <1.0 300 46 2,800 430 '
7-6 Inlet 15 120 19.0 12,200 1,900 8,100 1,300
7-6 Outlet 30 <5.0 <1.0 1,200 180 80 13
7-7 Inlet 15 14 2.1 10,100 1,600 NaA? NA
7-7 Outlet 30 5.3 0.83 <110 <16 NA NA '
7-8 Inlet 15 <5.0 <1.0 12,200 1,900 9,500 1,500
7-8 Outlet 30 <5.0 <1.0 220 33 300 47
7-9 Inlet 15 <5.0 <}1.0 11,600 1,800 9,300 1,400 '
7-9 Outlet 30 <5.0 <1.0 370 58 1,200 180
7-10 Inlet 15 <5.0 <1.0 10,100 1,600 6,800 1,100
7-10  Outlet 30 <5.0  <1.0 590 92 3,200 500 '
7-11 Inlet 15 40 5.5 10,000 1,500 7,800 1,200
7-11 Outlet 30 <5.0 <1.0 580 89 1,300 200
7-12 Inlet 15 <5.0 <1.0 17,800 2,800 NA NA
7-12 Outlet 30 <5.0 <1.0 2,000 300 NA NA '
7-13 Inlet 15 <5.0 <1.0 20,400 3,200 10,000 1,600
7-13 Qutlet 30 <5.0 <1.0 3,800 590 6,800 1,100 l
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Table D.1 (continued)

Test No. 8

Acid: P205, HCl, SOQ

Bed temperature: 540°C

N, flow: 3.05 mol/h

0, flow: 0.22 mol/h

CO, flow: 0.40 mol/h

Superficial gas velocity: 3.2 cm/s
Total sorbent: 50 g lime

P,0.  P,0¢ HC1 HC1 SO, S0,
Elapsed flow concen- flow concen- flow concen-

Sample time (107 tration (10® tration (10°® tration

No. Location (min) mol/h)  (ppm) mol/h)  (ppm) mol/h)  (ppm)
8-1 Inlet 30 33 11 1,600 510 300 100
8-1 Qutlet 30 2.4 0.78 110 36 39 13
8-2 Inlet 30 29 9.6 2,500 830 2,300 750
8-2 Outlet 30 1.6 0.51 260 85 14 24
8-3 Inlet 30 13 4.3 5,600 1,800 4,100 1,400
8-3 Outlet 30 2.9 0.96 330 110 310 100
8-4 Inlet 30 20 6.4 4,000 1,300 3,100 1,000
8-4 Outlet 30 0.97 0.32 320 100 450 150
8-5 Inlet 30 6.1 2.0 3,600 1,200 2,500 820
8-5 Outlet 30 0.97 0.32 270 89 490 160
8-6 Inlet 30 7.6 2.5 1,900 620 720 240
8-6 Outlet 30 0.75 0.25 260 85 400 130
8-7 Inlet 30 7.2 2.4 2,700 900 3,200 1,000
8-7 Outlet 30 0.92 0.30 300 98 560 190
8-8 Inlet 30 3.6 1.2 2,800 900 2,600 900
8-8 Outlet 30 0.70 0.23 310 100 540 180
8-9 Inlet 30 28 9.3 5,200 1,700 4,200 1,400
8-9 Outlet 30 1.4 0.45 260 85 350 120
8-10  Inlet 30 1.9 0.61 3,400 1,100 3,000 1,000
8-10 Outlet 30 0.65 0.21 270 89 320 110
8-11 Inlet 30 33 11 3,200 1,100 3,100 1,000
8-11 Outlet 30 1.1 0.37 1,000 330 1,600 530
8-12  Inlet 30 NAZ NA 20,900 6,900 13,300 4,400
8-12 Outlet 30 NA NA 1,600 530 1,300 430
8-13  Inlet 30 76 25 3,500 1,100 3,600 1,200
8-13 Outlet 30 0.76 0.25 2,400 790 1,500 480
8-14 Inlet 30 160 53 4,100 1,300 3,200 1,000
8-14  Outlet 30 1.0 0.33 2,500 820 1,600 510
8-15 Inlet 30 180 60 3,500 1,100 4,000 1,300
8-15 Outlet 30 1.1 0.37 1,700 550 1,200 400
8-16  Inlet 30 64 21 3,300 1,100 4,000 1,304
8-16 Outlet 30 0.94 0.31 2,300 750 1,600 530

dNA: Not available.

————— e |
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Table D.1 (continued)

Test No. 9

Acid: P,05, HCl, SO,

Bed temperature: 427°C

N, flow: 3.05 mol/h

0, flow: 0.22 mol/h

CO, flow: 0.40 mol/h

Superficial gas velocity: 2.8 cm/s
Total sorbent: 50 g lime

P,0s  P,0s HCL HC1 S0, S0,
Elapsed flow concen- flow concen- flow concen-
Sample time (10® tration (107 tration (107 tration
No. Location (min) mol/h) (ppm) mol/h) (ppm) mol/h) (ppm)
9-1 Inlet 30 2.7 0.90 3,700 1,200 3,800 1,300
9-1 Qutlet 30 0.68 0.22 3,200 1,000 2,200 730
9-2 Inlet 30 3.5 1.1 3,100 1,000 3,800 1,200
9-2 Outlet 30 0.86 0.28 2,700 880 520 170
9-3 Inlet 30 5.8 1.9 3,400 1,100 3,600 1,200
9-3 Outlet 30 0.75 0.25 3,300 1,100 3,000 1,000
9-4 Inlet 30 1.9 0.61 3,200 1,000 3,700 1,200
9-4 Outlet 30 0.50 0.16 2,800 930 3,100 1,000
9-5 Inlet 30 3.3 1.1 4,000 1,300 4,300 1,400
9-5 Outlet 30 0.69 0.23 2,600 840 4,000 1,300
9-6 Inlet 30 1.3 0.44 NAZ NA NA NA
9-6 Outlet 30 0.56 0.18 NA NA NA NA

dNA: Not available.
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Table D.1 (continued)

Test No. 10

Acid: ons, HCI, SO2

Bed temperature: 540°C

N, flow: 3.05 mol/h

0, flow: 0.22 mol/h

CO, flow: 0.40 mol/h

Superficial gas velocity: 3.2 cm/s
Total sorbent: 200 g lime

P,0, P,0s HC1 HC1 S0, S0,
Elapsed flow concen- flow concen- flow concen-
Sample time (10 tration (10°® tration (107 tration

No. Location {(min) mol/h) (ppm) mol/h) (ppm) mol/h)  (ppm)

10-1 Inlet 30 520 170.0 4,400 1,400 220 72
10-1 Outlet 30 1.0 0.33 1,000 330 <40 <13
10-2 Inlet 30 530 170.0 4,400 1,400 380 120
10-2 Outlet 30 0.51 0.17 340 110 <3.3 <l.l
10-3 Inlet 30 420 140 3,800 1,200 2,600 870
10-3 Outlet 30 0.38 0.12 250 83 <3.7 <1.2
10-4 Inlet 30 53 18 8,200 2,700 5,300 1,700
10-4 Outlet 30 0.56 0.18 90 30 <3.7 <1.2
10-5 Inlet 30 20 6.6 8,300 2,700 2,700 870
10-5 Outlet 30 0.75 0.25 61 20 <3.7 <1.2
10-6 Inlet 30 55 18 11,400 3,700 3,200 1,100
10-6 Outlet 30 0.57 0.19 61 20 <3.7 <1.2
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Table D.1 (continued)

Test No. 11

Acid: P,0s, HCl, SO,
Bed temperature: 540°C
N, flow: 6.46 mol/h

0, flow 0.50 mol/h

CO, flow 0.90

Total sorbent:

mol/h
Superficial gas velocity: 6.9 cm/s
100 g lime
P,04 P,0¢ HC1 HC1 S0, S0,
Elapsed flow concen- flow concen- flow concen-
time (10 tration (107® tration (107 tration

Sample

No. Location {(min) mol/h)  (ppm) mol/h) (ppm) mol/h) (ppm)

11-1 Inlet 15 8.1 1.2 12,600 2,000 <720 <110
11-1  Outlet 180 <0.02 <0.0025 280 44 <6.3 <0.97
11-2 Inlet 15 15 2.3 6,600 1,000 <780 <120
11-2  Outlet 180 0.02 0.0032 120 19 <14 <2.1
11-3 Inlet 15 3.6 0.56 5,200 800

11-3  Outlet 15 0.65  0.10 <170 <27

11-4 Inlet 15 8.3 1.3 14,500 2,200 <150 <23
11-4  Outlet 120 0.03  0.0041 180 27 <18 <2.7
11-5 Inlet 15 2.5 0.39 2,000 310

11-5  Outlet 15 0.20  0.031 36 5.6

11-6 Inlet 15 2.6 0.40 9,200 1,400 1,300 200
11-6  Outlet 180 0.02  0.0027 290 45 860 130
11-7 Inlet 15 7.4 1.2 9,500 1,500 730 110
11-7  Outlet 180 0.02 0.0026 300 46 450 69
11-8 Inlet 15 4,300 660

11-8  Outlet 15 24 3.7

11-9 Inlet 15 5.7 0.88 9,100 1,400 NA2 NA
11-9  Outlet 180 0.04  0.0069 290 L6 NA NA
11-10  Inlet 15 16 2.5 14,900 2,300 5,900 910
11-10  Outlet 180 0.05 0.0071 350 54 620 96
11-11  Inlet 20 5,300 830

11-11  Outlet 20 43 6.7

11-12  Inlet 15 1.2 0.19 8,700 1,300 3,200 490
11-12  Outlet 180 0.02  0.0029 370 58 57 8.7
11-13  Inlet 15 8.6 1.3 8,000 1,200 3,900 600
11-13  Outlet 180 0.02  ©.0030 360 55 150 23
11-14  Inlet 15 7,700 1,200

11-14  Outlet 15 32 5.0

11-15  Inlet 15 4.8 0.74 10,700 1,700 4,400 690
11-15 Outlet 180 0.01 0.0022 300 46 520 81
11-16  Inlet 15 5.2 0.80 11,100 1,700 7,100 1,100
11-16  Outlet 180 0.02  0.0027 280 44 700 110

4NA:  Not

available.
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Table D.1 (continued)

Test No. 11, continued

Acid: P205, HCl, SOQ

Bed temperature: 540°C

N, flow: 6.46 mol/h

0, flow: 0.50 mol/h

CO, flow: 0.90 mol/h
Superficial gas velocity: 6.9 cm/s
Total sorbent: 100 g lime

P,0,4 P,04 HC1 HC1 S0, SO,
Elapsed flow concen- flow concen- flow concen-
Sample time (10® tration (107 tration (10°® tration

No. Location (min) mol/h) (ppm) mol/h) (ppm) mol/h) (ppm)

11-17 1Inlet 15 12,100 1,900

11-17 Outlet 15 34 5.3

11-18  Inlet 15 2.5 0.39 11,300 1,800 1,600 240
11-18  Outlet 180 0.02 0.0026 230 36 950 150
11-19  Inlet 15 3.5 0.55 1,300 200 640P 100?
11-19  Outlet 180 0.02 0.0028 200 31 97 15
11-20 Inlet 15 13,200 2,000

11-20 Outlet 15 32 4.9

11-21  Inlet 15 1.4 0.22 12,900 2,000 350 54
11-21  Outlet 180 0.03 0.0042 230 35 58 9.0
11-22  Inlet 15 19 2.9 14,300 2,200 2,000 300
11-22  Outlet 180 0.03 0.0040 220 34 480 75
11-23  Inlet 15 4,900 750

11-23  Outlet 15 50 7.7

11-24  Inlet 15 2.6 0.40 7,200 1,100 NaA2 NA
11-24  Outlet 180 0.03 0.0043 450 69 NA NA
11-25 1Inlet 15 110 17 25,900 4,000 5,800 910?
11-25 Outlet 180 0.53 0.082 440 69 1,800 270
11-26 Inlet 15 8,100 1,300

11-26 Outlet 15 19 2.9

11-27  Inlet 15 60 9.3 30,200 4,700 NA NA
11-27  Outlet 180 0.02 0.0023 2,100 330 NA NA
11-28 Inlet 20 5,300 820

11-28 Outlet 20 39 6.1

11-29  Inlet 15 4.7 0.73 6,600 1,000 3,900 600
11-29  Outlet 180 <0.02 <0.0026 630 97 1,300 200
11-30 Inlet 15 23,000 3,600

11-30 Outlet 15 32 4.9

11-31  Inlet 15 2.5 0.39 10,800 1,700 5,000 770
11-31  Outlet 180 <0.02 <0.0023 830 130 1,800 280

dNA: Not available.

Pgstimated $0, input.
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Table D.1 (continued)

Test No. 11, continued

Acid: Pgos, HCl, 302

Bed temperature: 540°C

N, flow: 6.46 mol/h

0, flow: 0.50 mol/h

CO, flow: 0.90 mol/h

Superficial gas velocity: 6.9 cm/s
Total sorbent: 100 g lime

P,05 P,0s HC1 HCl S0, S0,
Elapsed flow concen- flow concen- flow concen-

Sample time (10® tration (10°® tration (10°® tration

No. Location (min) mol/h) (ppm) mol/h) (ppm) mol/h) (ppm)
11-32 Inlet 15 2.8 0.44 9,900 910 4,500 700
11-32 OQutlet 180 <0.02 <0.0027 1,700 260 1,400 220
11-33 Inlet 15 9,300 1,400
11-33 Outlet 15 21 3.3
11-34 Inlet 15 4.4 0.68 NAZ NA NA NA
11-34 Outlet 180 <0.02 <0.0026 NA NA NA NA
11-35 Inlet 15 7.0 1.1 8,000 1,200 8,300 1,300
11-35 Outlet 180 <0.02 <0.0025 6,300 980 6,000 930
11-36 Inlet 15 11,100 1,700
11-36 Outlet 15 370 57
11-37 Inlet 15 2.7 0.42 10,100 1,600 2,100 320
11-37 Outlet 180 <0.01 <0.0021 5,200 810 170 26
11-38 Inlet 15 2.1 0.32 NA NA 880 140
11-38 Outlet 180 <0.02 <0.0027 NA NA 480 714
11-39 Inlet 15 6,200 960
11-39 Outlet 15 940 150
11-40 Inlet 15 7.1 1.1 NA NA NA NA
11-40 Outlet 180 0.03 0.0039 NA NA NA NA
11-41  Inlet 15 6.9 1.1 NA NA 7,100 1,100
11-41 Outlet 180 <0.02 <0.0024 NA NA 3,000 460
11-42 Inlet 15 10,200 1,600
11-42 Outlet 15 1,600 250
11-43 Inlet 15 2,1 0.33 4,800 740 680 100
11-43 Outlet 180 0.10 0.016 810 130 65 10
11-44 Inlet 15 <l.0 <0.16 NA NA 2,200 340
11-44 Outlet 180 <0.01 <0.0023 NA NA 800 120
11-45 Inlet 15 4,700 730
11-45 Qutlet 15 1,300 200
11-46 Inlet 15 9.0 1.4 NA NA NA NA
11-46 Outlet 180 0.05 0.0076 NA NA NA NA
11-47 Inlet 15 6.1 0.94 NA NA 6,400 1,000
11-47 Outlet 180 0.98 0.15 NA NA 3,600 560

dNA: Not available.
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Table D.1 (continued)

Test No. 11, continued

Acid: P,0g, HCl, SO

Bed temperature: 540°C

N, flow: 6.46 mol/h

0, flow: 0.50 mol/h

€O, flow: 0.90 mol/h

Superficial gas velocity: 6.9 cm/s
Total sorbent: 100 g lime

P,0s P,0; HC1 HC1 S0, S0,
Elapsed flow concen- flow concen- flow concen-
Sample time (10 tration (10 tration (10°® tration

No. Location (min) mol/h) (ppm) mol/h) (ppm) mol/h)  (ppm)

11-48 Inlet 15 4,100 640

11-48 Outlet 15 1,400 220

11-49 Inlet 15 NA NA NA NA
11-49  Outlet 180 <0.02 <0.0023 NA NA NA NA
11-50 Inlet 15 1.6 0.25 6,800 1,100 7,400 1,100
11-50 Outlet 180 <0.01 <0.0022 5,800 890 4,300 670
11-51 Inlet 15 2,600 400

11-51 Outlet 15 890 140

11-52 Inlet 15 2.7 0.41 NAd NA 1,100 170
11-52  Outlet 180 1.1 0.17 NA NA 220 34
11-53 Inlet 15 4,800 750

11-53  Outlet 15 2,700 420

11-54 Inlet 15 7,200 1,100

11-54  Outlet 15 1,900 300

11-55 Inlet 15 2.2 0.33 NA NA NA NA
11-55 Outlet 180 0.12 0.02 NA NA NA NA
11-56 Inlet 15 2.1 0.32 NA NA 6,900 1,100
11-56  Outlet 180 0.13 0.02 NA NA 6,200 960

dNA: Not available.
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APPENDIX E

DETAILED OPERATING PROCEDURES, SAMPLE CALCULATIONS,
AND EQUIPMENT SPECIFICATIONS

E.1 Operating Procedures

1.

The procedures used during the course of the test program are out-
lined below.

Insert sorbent and warm up scrubber in preparation for testing the
following day.

a.

b.

f.

Sieve sorbent according to ASTM Standard C 110-87! to obtain the
required quantity of sorbent in the specified size range.

Weigh sorbent (to the nearest 0.1 g) and pour it into the column
through the top flange using a funnel to ensure that the sorbent
1s not caught on the transition section. Tap the bottom flange
several times with a hammer to insure that the sorbent settles
evenly across the bed.

Assemble the top flange, outlet filter, and outlet sampling sys-
tem and leak check the system at 20 psig.

Adjust the flow on the main N; line to =l mol/h. Allow the N,
to flow through the column overnight.

Set the main N, heater, outlet sample line heaters, and the
column heaters at the specified temperature and allow the system
to come to thermal steady state overnight.

Log the bed and sample line temperatures every hour overnight.

Start up the P,0¢ column.

a.

Adjust the flow of dry N, through the P,0 column to
1.5 mol/h. Set the valves at the inlet to the bed to insure
that all of the flow is exiting through the inlet sample port.
Turn on the sample line heaters and wait for them to reach
400°C.

Set the temperature of the P,0; column heater to obtain the
desired P,0; flow rate based on previous data for the column.
Allow the column to come to steady state by visually monitoring
the rate that P,0, condenses in the inlet sample bottle (this
normally takes 1 h),

Ensure that the P,0 flow has reached steady state by titrating
two samples taken 15 min apart with 0.1 or 0.01-N¥ NaOH (depend-
ing on P,0; flow rate).

Ad just HCl and SO, flow.

ae.

Increase the N, flow to the wvalue to be used in the test.
Ensure that all of the gases are still exiting the scrubber at
the inlet sample port.

Set the needle valves on the HCL and SO, rotameters to achieve
the specified flows. The relationship between mass flow rate
and rotameter setting is based on calibration curves.

Wait 15 min for the HCl and SO, flow to reach steady state.
Check the rotameters every 5 min to ensure that they are not
drifting.
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Take inlet and outlet samples.

a.

Replace the inlet sample bottle with a gas washing bottle con-
taining the wet scrubbing solution. In general, distilled water
is used for HCl and P,0,3 agqueous NaOH solutions are used to
trap SO,.

Buring the last 5 minutes of the first inlet sample, set the
flow of O, and CO, to the specified levels.

Place an similar sample bottle on the outlet sample port. Wait
the specified time for the inlet sample. Simultaneously close
the inlet sample valve and open the outliet sample valve to route
the flow to the scrubber.

Prepare a similar sample bottle for the inlet and switch back to
sampling at the inlet after the specified time.

Repeat the procedure of sampling at the inlet and outlet of the
scrubber during the course of the test.

Process samples and collect data.

a.

Transfer each sample from the gas washing bottle to a sample
bottle. Thoroughly rinse the gas washing bottle with distilled
water and add the rinse solution to the sample bottle. Measure
and record the total volume of the sample. «Note that the rins-
ing process 1is particularly necessary for samples containing
P,0; because it tends to condense on the glass tube leading to
the iritted glass plate.

Transter a portion of the aqueous sample to a second bottle and
submit it to the analytical laboratory for testing.

Record all mass flow rates and pressuircs while each sample 1is
being taken. Ensure that the data logger is recording tempera-
tures.

Estimate total acid gas flow and control process.

a.

Titrate a portion of each inlet and outlet sample to insure that
the process stays at steady state and that the total 1inlet
acidic gas flow rate remains constant throughout the test
(within the accuracy of the titration technique).

Monitor all rotameters to ensure that gas flows do not change
during the course of the test.

Monitor the pressure drop across the distributor plate and
across the bed to ensure that the distributor is not plugging
and that the bed is not channeling.

Shut the system down.

a.

At the conclusion ¢f testing, Lurn off the 0,, CO,, HCl, and SO,
flow (at the bottle) and turn off the heater for the P,0, sub-
limer. Wait until the P,0, sublimer cools at least 100°C before
shutting the N, flow off.

Close all valves and pressurize the system to 25 psig with dry
N,. Take particular care to maintain positive pressure on the
P,0, sublimer and to tightly close the Nupro™ valves leading to
and from the sublimer,
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c. Let the system cool over night, The pressure in the scrubber
will drop as it cools. Once the system reaches room tempera-
ture, add dry N, as necessary to bring the system back to
0 psig.

d. Remove the sorbent from the system by removing the inlet header
(immediately below the distributor plate) and catching the dis-
tributor plate and spent sorbent in a plastic bag. Tap the
scrubber with a hammer to ensure that no sorbent particles
remain on the walls.

E.2 Sample Calculations

Sample calculations for the different quantities reported in this
report are included below.

Gas flow rate — The gas flow rate was measured with calibrated
rotameters. The mass flow was adjusted for fluid density as described
in the Chemical Engineers' Handbook?

Example:

If the calibration curve indicated that "2 scfh" on the rotameter
equated to 2.65 mol/h for dry air at 25°C and 101 kPa, the mass flow
rate for dry N, at 22°C and 94 kPa at the same rotameter setting was
estimated by:

M
N,
P Ppir’ 304 Py = Ppiy
M . 2
Air
where
RNZ = mass flow rate of N,,
M,. = mass flow rate of air,
Air
y = density of N,,
2 . ~ .
oAir = density of air, and
pe = density of rotameter float.
For this case
2
oy (94,000 Né: )(28g/mol)  _ 1060 g/m?
2 8.314 (298 «)
k mol
2
opir = (101,000 Néﬁ )(28.84g/mol) _ 4,49, g/m3
8.314 (295 k)
k mol




48

x.
"

(2,65 mol/h)(28.8 g/mol) = 76.3 g/h

Air

MN;) = 76.3 g/h J%g—-:—;%}

&NB = 72.0 g/h or 2.57 mol/h
Superficial gas velocity - The superficial gas velocity was determined

by summing the molar gas flow rates and using the ideal gas law to esti-
mate the average tlow of gas through the bed. Changes to the inside
diameter of the bed due to thermal expansion were neglected.

Example:

It the flow rate ot N,, 0,, and CO, were 6.46, 0.50, and 0.90 mol/h,
respectively, and the ftlow of P,0,, HCl, and SO, were 0.05, 10, and
8 mmol/h respectively; and the bed was operating at 540°C and 98.9 kPa,
then the superficial pas velocity was estimated to be:

1"

Total gas tlow [(6.46 + 0.50 + 0.90) + (0.05 + 10 + 8)> 10-* ] mol/h

= 7,88 mol/h
Area ot bed = 2|(2.0b/ in.)2(2.54 cm/in.)?’} = 21.65 cm?
(8.314 0 (813 k)
Volumetric gas tlow = (7.88 mol/h) 98,900 N/m’
= 0.539 m¥*/h
100 cm\?/ lh
3
(0.539 m3/h) ( " > <36OOS>
= 150 cm3/s
. ‘ ) 150 cm3/s _
Superficial gas velocily = 2T.65 cm? - ©°9! cm/s
Acidic gas tlow rate — Rotameters were used Lo control the acidic

gas flow rate, but the actual ftlow was determined by analyzing an
aqueous solulioun tor the anion assoclated with the particular acid. For
example, HC! tlow was determined by the amount ot Cl~ ions trapped in an
aqueous solution over a specified length of time.

Example:
If the total vulume trom a gas washing bottle was 180 mL, the sample was

collected over a period of 1 h, and the analytical laboratory reported
that the concentration of Cl~ 1ons was 1800 mg/L, then the tlow rate of
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HCl was determined to be:

(0.180 L)(1.8 g €1 /L)(106 umol/mol)

HCl flow = —
(1.00 h collection time)(35.45 g Cl /mol HCl)
= 9100 umol/h
Acidic gas removal -~ The acidic gas removal rate was simply determined

by comparing the total mass flow for the particular gas at the exit of
the scrubber with the total mass flow for the same gas at the inlet to
the scrubber.

For example, using data from Test 9, the HCl removal rate is esti-
mated by:

HCl flow {mmol/h)

Sample #
Inlet Outlet

1 3.7 3.2

2 3.1 2.7

3 3.4 3.3

4 3.2 2.8

5 4.0 2.6
average 3.48 2.92

2.92 umol/L

average removal =1 - 3.48 umol/h
= 0,16 or 16%

Since all samples were taken for the same length of time, this
method equates to a 'time-weighted average'" removal rate. If different
sample times had been used, appropriate corrections would have been
required to obtain the time-weighted average flow rate.

Sorbent ulilization — The sorbent utilization i1s defined as the
ratio of the equivalents of acidic gas neutralized to the equivalents of
base contained in the sorbent.

For example, analytical tests showed that the sorbent used 1in
Test 11 can neutralize 0.026 equivalents/g. The total acidic gas
removed by 100 g of sorbent (based on gas sampling data) was 1.04, 0.51i,




and 0.0l equivalents for HC!,

SO, and P,0.,
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respectively.

Therefore,

the sorbent utilization at the conclusion of testing (based on gas data)

was:

i}

(1.04 + 0.51 + 0.01 equivalents removed)

Utilization

1]

0.60 or 60% sorbent utilization.

E.3 Equipment Specifications and Measurements

(0.026 equivalents/g sorbent)(100 g sorbent)

The equipment used to measure the various parameters studied 1is

listed in Table E-1.
measured is included below.

A brief description of how those parameters were

Gas flow — All gas flows were measured with variable area rotam-

eters.

Table E.1.

They were calibrated according to ORNL I&C Procedure M100432.

Equipment used to measure inert gas flow, temperature,

pressure, sorbent particle size, and acidic gas flow

Item

Manufacturer

Model Number

Gas flow measurement
N;(main line)
N,(P,0; sublimer)
0,
co,

HC1
S0,

Temperature measurement
Thermocouples
Temperature controllers
Data logger

Pressure measurement
Differential pressure
transducer
Power supply/vendout
Absolute pressure measure-
ment

Particle size measurement
U.S. Standard Sieve Scale

Gas sample collection
Gas washing bottle

Fisher-Porter
Fisher-Porter
Fisher-Porter
Fisher-Porter
Fisher-Porter
Matheson Scientific

Omega Engineering
Omega Engineering
Fluke

MKS, Inc.
MKS, Inc.
Cenco Scientific

W. S. Tyler, Inc.

Fisher Scientific

Tube 8701A0761A1
Tube 7908A0780A1
Model 10A6130

Model 10A6130

Tube FP 1/8-038-G-6
Tube FM-1050-VI

Type K-CASS-18G-12
4001 KC
2200 B

223 BD
PDR C5B
Hg barometer

20-325 Mesh

3-038A
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The appropriate corrections were made for fluid density, as described in
Sect. E.2,

Temperature — All temperature measurements were made with 1/8 in.
type K thermocouples that were sheathed in 304L stainless steel. The
bed temperature was measured 2 cm above the distributor plate at the
centerline of the bed.

Pressure — The pressure drop across the distributor plate and bed
was measured directly with capacitance manometers. A mechanical pres-
sure gage was used to measure the gage pressure in Lhe header for the
N,, O0,, and CO, (so that appropriate corrections could be made to the
gas flows measured by the rotameters). The absolute pressure in the lab
was determined with a standard mercury barometer.
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